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Abstract
Pyramidal molecular hosts related to cyclotriveratrylene (CTV)
form self-assembled cages including organic cages, hydrogen-
bonded cages, and metallocages. The latter include M3L2, M4L4,
M6L8, and M12L8 assemblies, including topologically compli-
cated structures. Metallocages may show ligand exchange and/
or homochiral sorting of the C3-symmetric CTV-analog ligands.
Cages also occur within coordination networks.
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Introduction
Cyclotriveratrylene (CTV) is a cyclic trimer of veratrole
with a tribenzo[a,d,g]cyclononatriene core.1 In the predominant
crown conformation, CTV has an open pyramidal aspect with
a hydrophobic molecular cavity. As a molecular host, it is
particularly well known for binding bulky guests like fullerenes
and ortho-carborane. Important members of the CTV family
include the demethylated derivative cyclotricatechylene (CTC)
and the C3-symmetric cyclotriguaiacylene (CTG) (Chart 1). The
hydroxy groups of CTC or CTG, along with halogenated
analogs, allow for functionalization and a variety of hexa- or
tris-extended-arm derivatives can be accessed. These have a
range of potential applications including sensor chemistry,
separations, dendrimers, gels, and liquid crystals.2 This review
will focus on capsule and cage architectures based on cyclo-
triveratrylene scaﬀolds that have been accessed using labile
self-assembly, either through dynamic organic bond formation,
hydrogen bonding, or metal-directed assembly. The chemistry of
cages and capsules is a highly active area because they possess
a large and well-deﬁned internal cavity that can be used to bind
guest molecules or ions, with potential for subsequent applica-
tion as nanoscale reaction vessels and in enzyme-like catalysis.3
CTV chemistry is attractive for cage formation as the
inherent curvature in the crown conformation naturally forms
capsule or cage architectures on divergent head-to-head linking.
Furthermore, the cages thus formed will have speciﬁc internal
molecular recognition sites. A ﬁnal noteworthy aspect is that
many CTV-analogs are chiral. CTG and derivatives are helically
chiral, existing P and M enantiomers (Chart 1). Racemization
occurs in solution by an inversion of the tribenzo[a,d,g]cyclo-
nonatriene core that occurs via a saddle conformation. Activa-
tion energies for racemization are of the order of 24­
26.5 kJmol¹1.4,5 Racemic mixtures of both enantiomers are
most often used, though the enantiomers can be separated.
Organic Cryptophanes and Cages
Cryptophanes are capsule-like cages formed from two C3-
symmetric CTV fragments covalently joined.1,6 There are three
stereoisomers of a cryptophane, the achiral syn-isomer with a
PM combination of CTG-type enantiomers, and the chiral anti-
cryptophanes consisting of PP orMM enantiomers. Cryptophane
chemistry has a rich history and is a highly active area of
research due in part to their potential applications in bioimag-
ing,6,7 and halomethane, and hydrocarbon binding.6
Self-assembled cryptophanes, hemicryptophanes (cages with
only one CTV fragment), and larger cages have been synthesized
by employing dynamic covalent chemistry. The smallest known
cryptophane, S-cryptophane-0.0.0 (Chart 2) assembles though
disulﬁde bond formation forming both anti- and syn-isomers,
with the anti-isomer predominant. anti-S-Cryptophane-0.0.0
binds CH4 or N2 in solution.8 Reversible imine bond formation
has been employed by Warmuth and co-workers to form both
cryptophanes9,10 and the homochiral cube assembly 1 (Chart 2).
Cryptophane formation can be eﬀected in water using water-
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soluble CTG-precursors and in the presence of a template that
prevents oligomerization.10 The cube forms from assembly of
eight chirally resolved triformyl-derived CTG-analogs and
linking bis-amines,9 and has a molecular diameter of ca.
3.7 nm. Imine bond formation has also been used for synthesis
of a hemicryptophane-like capsule, which forms from a single
extended-arm CTG-derivative where hydrogen-bonding pre-
organizes the arms in the appropriate conformation for closure
to a capsule. The capsule strongly encapsulates C60 or C70.11
Hemicryptophane capsules have also been accessed using
reversible boronic ester formation from CTC assembly and
a boronic acid-appended trioxacalix[3]arene.12 These capsules
bind cations in solution and their formation is reversible and can
be dynamically controlled using a pH switch. CTC has also been
used to form a three-dimensional (3D) chemical architecture
through simultaneous dynamic boronate esteriﬁcation and
dynamic imine formation; however, in this construct the CTC
fragments are oriented outwards, which excludes the formation
of a hydrophobic cavity for guest binding.13 In related
chemistry, dynamic boronic ester formation has recently been
used to form molecular cubes similar to 1 from a catechol-
functionalized tribenzotriquinacene®which are related to CTVs
but are conformationally inﬂexible®combined with 1,4-phenyl-
ene diboronic acids,14 and tetramethyltribenzotriquinacenes have
been used to form cryptophanes.15
There are relatively few examples of hydrogen-bonded
CTG-type capsules in solution, the majority of which require a
guest to form template assembly. The hydroxy groups of CTC
are potential hydrogen-bonding groups, and dimeric CTC
capsules form in solution and solid state through a self-assembly
templated by binding NEt4+ cations within the capsule.16 Earlier
reports showed that dimeric hydrogen-bonded capsules of
partially deprotonated CTC can be isolated in the solid state
with encapsulated NEt4+ guests. These capsules were not
entirely closed and had a clam-shell like appearance (Figure 1).
Solid-state CTC-capsules were also observed with Rb+ or Cs+
guests, with the alkali metal cations unexpectedly forming
cation£π interactions rather than coordinating to the oxygen
donors of the CTC.17
A more robust approach to hydrogen-bonded capsules is to
append hydrogen-bonding groups to a CTG scaﬀold. This was
ﬁrst demonstrated through the assembly of a tris-carboxylic-
acid-appended CTG with a tris-amine-appended CTG with the
capsule encapsulating small neutral guests in solution.18 The
strongest reported binding was for guest molecule tetramethyl-
silane, which forms a 1:1 complex within the heterocapsule.
Nucleobases can also be used as hydrogen-bonding groups
for CTG heterocapsules, and a 1:1 mixture of a tris-adenine-
appended CTG and a tris-thymine-appended CTG gives a
capsule in CD3OD:CCl4 solution without the need for a
templating guest.19
Homodimeric capsules of type (2)2¢F, where 2 is a tris(4-
ureidopyrimidinone)-appended CTG and F is an encapsulated
fullerene, have been reported by de Mendoza and co-workers
(Chart 3).5,20,21 Binding of the fullerene templates the capsule
formation in solution. The system is selective for higher
fullerenes and a combination of experimental and theoretical
studies5,21 have established that binding constants follow the
trend C90 µ C84 > C78 > C76 > C70 > C60. This has potential
utility in the puriﬁcation of higher fullerenes given that fullerene
can be recovered from the (2)2¢F adduct through a change in
solvent polarity. The trends in binding reﬂect a balance between
increasingly favorable host­guest interactions and unfavorable
guest-induced distortion and disruption of the capsule. The
homochiral anti-isomers of the capsule predominate in solution
over the meso syn-isomer, conﬁrmed using chirally resolved
CTG monomers. The more stable capsule adducts also inhibited
racemization of the monomers within the capsules because
monomer racemization would require at least partial disassem-
bly of the capsule. Indeed, homochiral (2)2¢C84 had double the
activation energy for racemization than did (2)2¢C60, and nearly
three times that of the lone monomer.5
Figure 1. Crystal structure of hydrogen-bonded clam-shell
dimer of CTC with encapsulated NEt4+ guest.17
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Metal-directed Capsules and Cages
The ﬁrst report of using metal-directed self-assembly to
form a coordination cage with CTV-type ligand was from
Shinkai, Yamaguchi, and co-workers, who reported a short series
of metallocryptophanes.22 A metallocryptophane is the coordi-
nation cage equivalent of a cryptophane, prepared using metal­
ligand bonds to connect two tripodal CTV-type ligands to give a
trigonal bipyramidal cage. Other classes of tripodal ligand also
form M3L2 trigonal bipyramidal cages23 and a range of M4L2
capsule structures where L is a ligand-functionalized resorcin-
arene cavitand are known.24,25 The 4-pyridyl derived ligand L1
self-assembles with Pd(II) ions that have been cis-protected with
bis-phosphine P^P chelating ligands, to give [Pd3(P^P)3(L1)2]6+
assemblies (Chart 4). These form very rapidly in solution. Use
of racemic L1 results in formation of a mixture of chiral anti-
isomers and the achiral meso syn-isomer, and the isomers
interconvert in solution. Diﬀerent P^P cis-protecting ligands
results in diﬀerent solution behaviors; for [(Pd3(P^P)3(L1)2]6+,
where P^P = Ph2P(CH2)2PPh2, a 2.5:1 syn:anti equilibrium
mixture results, but where P^P = Ph2P(CH2)3PPh2 (dppe), the
initial anti-isomers disappear slowly until the syn-isomer
predominates in solution. Use of optically resolved L1 produces
only the anti-isomer with no evidence of interconversion to syn,
supporting the notion that interconversions proceed via ligand-
exchange rather than ligand racemization.
Chambron et al. have recently reported that similar Pd(II)
and Pt(II) [(M(dppe)3(L2a/b)2]6+ metallocryptophanes synthe-
sized from nitrile-appended L2a or L2b ligands favor the
formation of the anti-isomer (Chart 4) although exact behavior
in solution shows some dependence on temperature and
solvent.26 At room temperature, the cages [(Pd3(dppe)3(L2a)2]6+
and [(Pd3(dppe)3(L2b)2]6+ form exclusively as the anti-isomers
in a variety of chlorinated solvents. In CD2Cl2 solution however
the anti-[(Pd3(dppe)3(L2a)2]6+ reverts to predominantly syn
when cooled. The Pt(II) analog forms as a 96:4 mixture of
anti:syn isomers at room temperature and does not show any
interconversion on cooling. Crystal structures of [(M3(dppe)3-
(L2a)2]6+ with M = Pd or Pt both conﬁrm anti-metallocrypto-
phanes also form in the solid state (Figure 2). Interestingly,
heteroleptic cages of the type [(Pd3(dppe)3(L2a)(L2b)]6+ were
not formed. Mixtures of preformed [(Pd3(dppe)3(L2a)2]6+ and
[(Pd3(dppe)3(L2b)2]6+ did not undergo ligand exchange, and
self-assembly of [Pd(dppe)(OTf)2] with both L2a and L2b
resulted in only the homoleptic cages being formed.
Use of a cis-protecting chelate ligand is a mainstay of
coordination cage design, ensuring that only certain coordination
sites on the metal are available.3 It is a predictable strategy
because, in general, a chelate ligand will not be substituted for
a monodentate binding group. Another common cis-protecting
ligand is ethylenediamine (en), and the related metallocrypto-
phane [Pd3(en)3(L3)2]6+ (L3 = (tris(isonicotinoyl)tris(propyl)-
cyclotricatechylene)) can be observed in solution. However, it is
meta-stable and rearranges in solution to a larger [Pd6(L3)8]12+
assembly (see later).27 Similar behavior was observed using 2,2¤-
bipyridine as the cis-protecting ligand, and for Pt(II). A Pd3L2
to Pd6L8 rearrangement with a tripodal ligand has also been
reported by Chand and co-workers.28 The [Pd3(L3)2] metallo-
cryptophane can be stabilized using a bis-N-heterocyclic carbene
(NHC) as the cis-protecting ligand, noting that NHCs are
particularly strong σ-donor ligands. The complexes [Pd3(bis-
NHC-napth)3(L)2]6+, where L = L3­L6 and bis-NHC-napth is a
napthyl-appended bis-NHC, form as the syn-isomer in solution,
with the structure conﬁrmed by a series of isomorphic crystal
structures of the BF4¹ salts (Figure 3). In each complex, the
napthyl groups of the bis-NHC-napth form π­π stacking
interactions with the 4-pyridyl/quinolone ligand groups on the
L-ligand, which is likely to be important in the formation of the
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Figure 2. Crystal structure of [(Pd3(dppe)3(L2a)2]6+.26
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syn-isomer. The crystalline materials of these metallocrypto-
phanes take up guests despite the materials not being classically
porous; they have isolated cavities within the crystal lattice
rather than linked-pores or channels. I2-uptake occurs with
I2-guests located both endo and exo to the [Pd3(bis-NHC-
napth)3(L)2]6+ cages within the crystal lattice (Figure 3b) while
1,2-dichlorobenzene guests are taken up at exo sites.27
M3L2 metallocryptophanes with pinched-in cores form with
tris-carboxylate-appended CTV or tribenzoquinacene deriva-
tives.29 Another design is to use tripodal ligands with N-donor
groups in the 3-position of a 6-membered ring and a linear metal
linker. The pyrimidine-functionalized («)-tris-[4-(5-pyrimidyl)-
benzoyl]cyclotriguaiacylene L7 assembles with Ag(I) or Cu(II)
to form such M3L2 capsules in the solid state.30 The crystal
structures of both [Ag3(L7)2]3+ and [{Cu(H2O)2(NO3)}3(L7)2]3+
(Figure 4) shows the chiral anti-isomer, which crystallize as
racemates. The overall cage size is ca. 2 nm and they feature a
substantial internal space, but do not exist in solution, probably
due to the relatively poorly basic nature of pyrimidine donors.
Ligand («)-tris(3-pyridylmethyl)cyclotriguaiacylene L8
features 3-pyridyl groups and also forms a M3L2 metallocrypto-
phane with linearly coordinated Ag(I); however, the metal-
locryptophane does not form as a single cage. In [(Ag3(L8)2)]26+
two chemically independent but mechanically interlocked
[Ag3(L8)2]3+ metallocryptophanes form a triply interlocked
[2]catenane (Figure 5a).30 Homochiral sorting within individual
[2]catenanes is observed, with the [2]catenane being composed
of two anti-[Ag3(L8)2]3+ cages of the same chirality, although
it crystallizes as a racemic mixture. The [2]catenane forms in
the absence of a template or evident strong structure-directing
interactions, which is unusual for a mechanically interlocked
assembly. The existence of the {[Ag3(L8)2]}26+ [2]catenane in
solution is supported by mass spectrometry. This is one of the
few multiply interlocked catenane-cage compounds that have
recently been reported for both metallocages32,33 and purely
organic cages.34 Known catenane-metallocages include further
examples of CTG-type triply interlocked syn-[2]catenanes that
are formed from («)-tris(4¤-methyl-2,2¤-bipyridine-4-methyl)-
cyclotriguaiacylene and Cu(II) or Zn(II), where weak hydrogen
bonding was the only intercage interaction discernible from the
crystal structure.32
The [2]catenane-cage species are not the only examples of
metalloassemblies with CTG-type ligands that have interesting
topological aspects. Two non-cage assemblies with unique
chemical topologies are also known. The cationic complex
[Pd4(L9)4(NO3)2(H2O)2]6+, which exist both in solution and
the crystalline state, has a self-entangled cube structure.31 Each
ligand bridges between three Pd(II) sites and each Pd(II) is
coordinated by three ligands. Hence the connectivity is similar
to that for a cube with two types of 3-connecting vertex (ligand
and Pd), each connecting to the other. However, the linkages
between the connecting vertices do not deﬁne the edges of a
cube; rather the connections between centers cross over, making
the structure topologically non-trivial (Figure 5b). Interwoven
Figure 3. Chart showing CTV-ligands which form [Pd3(bis-
NHC-napth)3(L)2]6+ cages and (a) crystal structure of [Pd3(bis-
NHC-napth)3(L4)2]6+ with π­π stacking interactions shown
as dashed lines; (b) crystal structure of I2@[Pd3(bis-NHC-
napth)3(L4)2]6+ with disordered I2 in space-ﬁll mode.27
Figure 4. Crystal structure of [{Cu(H2O)2(NO3)}3(L7)2]3+.30
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rings structures akin to Solomon’s Links can be identiﬁed within
the structure; hence, it has been termed the Solomon’s cube.
Each ligand within each Solomon’s cube is of the same
enantiomer, and this is a further example of homochiral sorting.
The second example is an entanglement of [Cu6(L4)6] 2D
metallacycles that only occurs in the crystalline state.35 The
complex has two types of metallacycles, [Cu6Br6(DMSO)6-
(L4)6] and the other [Cu6Br4(DMSO)6(H2O)2(L4)6]2+, where
DMSO is dimethyl sulfoxide. The rings are compositionally
distinct but structurally very similar. The metallacycles feature
square pyramidal Cu(II) coordinated by one M and one P
enantiomer of the L4 ligand, plus terminal Br¹, DMSO, or H2O
ligands, and each L4 ligand coordinates to two Cu(II) centers
leaving one isonicotinoyl side-arm uncoordinated. Individual
metallacycles are interwoven into a 2D chainmail network. The
chainmail does not form through catenane formation but features
an inﬁnite array of Borromean ring associations (Figure 6).
A Borromean ring is an entangled construct where three
independent rings are linked together but no two rings are
interlocked into a catenane. It is a Brunnian link meaning that
if one ring is broken then the whole assembly falls apart. The
inﬁnite nature of this Borromean-like chainmail means that it is
not Brunnian in nature. It is notable that inter-ring endo-exo
associations occur where each L4 ligand within a metallacycle
forms host­guest interactions with the coordinated DMSO of
an adjacent metallacycle, which may be important in motif
formation.
Larger cages beyond metallocryptophanes include various
tetrahedral-symmetry and octahedral-symmetry cages. The de-
sign of tetrahedral coordination cages most commonly follows
an M4L4 face-directed strategy or an M4L6 edge-directed
strategy.36 Tetrahedral M4L4 metallocages are formed from the
self-assembly of ligand («)-tris(4-pyridylmethyl)aminocyclotri-
Figure 5. Crystal structures of topological complex assem-
blies: (a) [2]catenane-cage {[Ag3(L8)2]}26+ with each M3L2 in a
diﬀerent color;30 b) self-entangled Solomon’s cube structure of
[Pd4(L9)4(NO3)2(H2O)2]6+.31
Figure 6. Crystal structure of [Cu6Br4(DMSO)6(H2O)2-
(L4)6]2+ metallacycle and schematic of entanglement of
[Cu6(L4)6] metallacycles to form a Borromean-like chainmail.35
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guaiacylene L10 with various Ag(I) salts, and exist both in
solution and the solid state.37­39 Crystal structures of various
salts of [Ag4(NCMe)n(L10)4]4+ tetrahedra all have each Ag(I)
center coordinated by three L10 ligands, and each L10 ligand
coordinating to three Ag(I) centers. In the crystal structure, all
L10 ligands within one tetrahedron are homochiral. The internal
space of the cages is occupied by well-ordered acetonitrile
guests rather than any anions, including those showing distinct
hydrophobic host­guest associations with L10, Figure 7a. Any
anion association with the positively charged cage was observed
to be exo to the cage, for example [PhCB9H8I]¹ anions that
coordinate to the Ag(I).39 The host­guest associations between
the cage and acetonitrile can be disrupted by introduction of
glutaronitrile, which takes up the guest role with a side-on
hydrophobic association with the host cavity. Rather than an
Ag4L4 tetrahedron, this host­guest interaction induces the
formation of a 2D coordination polymer.38 The templation
eﬀect of large guests on the self-assembly of these host-type
ligands with metals has also been observed for the assembly
of the same ligand with Cd(OAc)2, where in the absence of a
guest discrete species are found, but the addition of bulky ortho-
carborane promotes formation of a coordination polymer with
ortho-carborane bound at each ligand.41
A structurally diﬀerent Ag4L4 cage of tetrahedral aspect is
formed in the solid state by («)-tris-(2-quinolylmethyl)cyclo-
triguaiacylene L11.40 Here the Ag(I) cations are arranged
tetrahedrally with respect to one another and are linearly
coordinated. The [Ag4L4]4+ assembly is a meso isomer con-
taining both ligand enantiomers, and the ligands only coordinate
through two of the three quinoyl groups. This twists the
orientation of the ligands such that there is no signiﬁcant internal
space, and host­guest associations occur between ligands
(Figure 7b).
M6L4 tetrahedra have been reported in the solid state by
Robson and co-workers,42,43 using (CTC-6H)6¹ as a tris-
catecholate ligand. Complexes of the type [M6(CTC-6H)4] have
the CTC ligand at the vertices of a tetrahedron and a square-
planar or square-pyramidal metal center along each tetrahedron
edge. Complexes contain alkali earth or alkali metal cations,
often occupying the faces of the tetrahedra. For example, in
[Cu6(CTC-6H)4]12¹ with square-planar CuII windows are occu-
pied by disordered sodium cations,42 while in the complex
[(VO)6(CTC-6H)4(Mg(H2O)4)3]6¹ solvated MgII cations are
directly bound to the catecholates and occupy parts of the faces
of the tetrahedron (Figure 8).43 Some examples of this class of
CTC-based cage link together into coordination networks.
A range of CTG-type ligands with a tripodal arrangement
of 4-pyridyl donor groups, namely L3, L4, and L13­L16
(Figure 9) form octahedral [Pd6(L)8]12+ cage-assemblies.44­46 A
Pt(II) coordination cage, [Pt6(L3)8]12+ was also observed with
the propylated («)-tris(isonicotinoyl)tris(propyl)cyclotricatech-
ylene L3 but this does not form in quantitative yields, unlike the
more labile Pd(II) cages.46 The crystal structure of [Pd6(L4)8]12+
conﬁrms the anticipated structure with an octahedral arrange-
ment of Pd(II) cations and bridging L4 ligands that are inwardly-
oriented to give a 3-nm-sized cage with a large hydrophobic
interior.44 Similar A6B8 metallocages are known with other
tripodal ligands and metalloligands.47 The pyramidal aspect of
the ligands gives the cage a spiked appearance, and it is thus
described as a stella octangula, which is the ﬁrst stellation
of an octahedron. [Pd6(L4)8]12+ is homochiral, with each
[Pd6(L4)8]12+ cage in the crystal structure featuring only one
ligand enantiomer (M or P) through a chiral self-sorting process
of the mixture of ligand enantiomers. While mass spectrometry
indicates that the formation of the cage is near instantaneous,
1HNMR spectra undergo considerable sharpening over a time-
scale of several days.46 A crystal structure of the directly
Figure 7. Crystal structures of tetrahedral M4L4 assemblies:
a) [Ag4(L10)4]4+ with guest MeCN in space ﬁll mode;37
b) self-inclusion of [Ag4(L11)4]4+ with each L11 enantiomer
in diﬀerent color.40
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analogous cage [Pd6(L3)8]12+, where L is the more soluble
propylated L3 was also obtained on crystallization from DMSO;
however, in this structure the cages were not homochiral and
a disordered structure results where the averaged cage has
both ligand enantiomers superimposed.46 Interestingly, with
[Pd6(L3)8]12+, there was no sharpening of NMR spectra in
DMSO even on heating or prolonged standing. Thus spectral
sharpening is consistent with chiral self-sorting in solution.
Whether self-sorting occurs or not can be solvent-related and
partial homochiral self-sorting of [Pd6(L3)8]12+ was observed in
acetonitrile or nitromethane solutions. Interestingly, L12, which
diﬀers only from L4 in having a more ﬂexible methylether
linkage between the pyridyl and CTV core rather than the ester
of L4, does not form a stella octangula cage, but forms a
[Pd3(L12)4]6+ half-stella cage.45
The [Pd6(L4)8]12+ stella octangula cage forms host­guest
complexes with a range of sodium alkyl sulfates in DMSO
solution.48 Sodium salts of octyl sulfate (SOS), dodecyl sulfate
(SDS), and tetradecyl sulfate (STS) all form 1:2 host:guest
complexes with [Pd6(L4)8]12+, with the surfactant anion encap-
sulated within the cage. Electrostatic interactions between the
sulfate head group and the cationic cage framework assisted in
orientating the guests in such a way that their alkyl chains could
interact with the hydrophobic interior, driven by the formation of
alkyl­alkyl interactions. The highest binding constant was ob-
served for SOS, and in all cases, rapid exchange occurs between
encapsulated and free anions in solution. Gas-phase binding of
ortho-carborane guests by the propylated [Pd6(L3)8]12+ stella
octangula was observed via mass spectrometry.46
Despite the lability of Pd­N bonds, no ligand exchange
is observed when preformed solutions of [Pd6(L4)8]12+ and
[Pd6(L3)8]12+ stella octangula cages are mixed together, con-
sistent with Chambron’s metallocryptophanes discussed above.
This is due to the [Pd6(L4)8]12+ cage having higher stability than
the propylated [Pd6(L3)8]12+ cage, because adding the methyl-
ated ligand L4 to a solution of [Pd6(L3)8]12+ leads to a sig-
niﬁcant degree of ligand exchange, but adding propylated ligand
L3 to a solution of [Pd6(L4)8]12+ does not (Scheme 1(i)).46
Unlike for Chambron’s metallocryptophanes, statistical mixtures
of heteroleptic mixed ligand [Pd6(L3)8¹n(L4)n]12+ cages can be
formed through control of component stoichiometry. Again,
heteroleptic mixtures of ligands exhibit no ligand exchange on
standing in solution for many months. The diﬀering solution
behavior of [Pd6(L3)8]12+ and [Pd6(L4)8]12+ means that ligand
Figure 8. Crystal structure of tetrahedral assembly [(VO)6-
(CTC-6H)4(Mg(H2O)4)3]6¹.43
Figure 9. Ligands that form [Pd6L8]12+ stella octagula struc-
ture, aside from L12 in box which forms [Pd3L4]6+ half-stella
bowl-shaped assembly, with crystal structure of homochiral
[Pd6(L4)8]12+.44­46
[Pd6(L3)8-n(L4)n]12+
heteroleptic cage 
mixture
[Pd6(L4)8]12+ + 8 L3 
[Pd6(L4)8]12+ + [Pd6(L3)8]12+
6 Pd(NO3)2
homoleptic cage mixture
12 Pd(DMAP)2
8 L3 + 8 L4
DMAP
TsOH
[Pd6(L3)8]12+ [Pd6(L4)8]12+
L4
L3
4 L4(ii)
(i)
Scheme 1. Speciation control in [Pd6L8]12+ cages.46
Chem. Lett. 2016, 45, 1336–1346 | doi:10.1246/cl.160780 © 2016 The Chemical Society of Japan | 1343
exchange can be controlled in one direction. If this is coupled
with cage disassembly­reassembly protocols®whereby the
strongly basic dimethylaminopyridine (DMAP) disassembles
a Pd-cage and addition of TsOH acid reassembles the cage as
acid will bind to the strongest base which is DMAP49®then
high-ﬁdelity cage speciation control can be demonstrated.
Speciﬁcally, mixtures of homoleptic cages can be disassembled
and reassembled to form heteroleptic cages, which can then
be reconﬁgured back to homoleptic cages through sequential
addition of ligand L4 and additional Pd(II) (Scheme 1(ii)).
Kobayashi and co-workers have reported controlled homocage­
heterocage speciation of smaller M4L2 cages utilizing ligand-
appended calix[4]resorcinarenes.25
Another construct of octahedral symmetry is an edge-linked
cube. While organic cube assemblies have been self-assembled
from CTV-type or similar precursors,9,14 the formation of an
analogous metallocube has only recently been achieved.50 The
crystal structures of [Ag12(L17)8]¢12X, where X = BF4¹ or
ReO4¹ and L17 is («)-tris(4-methylthiazolyl)cyclotriguaiacyl-
ene, reveals a cube structure with the L17 ligands forming the
vertices of the cube and linear Ag(I) coordination (Figure 10).
M12L8 cubes are relatively rare.51 The cube is homochiral and
crystallizes in enantiomerically pure form, unlike other homo-
chiral cages such as [Pd6(L4)8]12+, which crystallizes as
racemates. Thus there is a very high degree of chiral sorting in
this material, and interestingly, solvates of L16 also crystallize
in a chirally pure fashion.50 There was no evidence that
[Ag12(L16)8]12+ exists in solution.
In addition to discrete cage assemblies, CTV-type cages
occur within other types of ordered assemblies like hydrogen-
bonded materials, and coordination polymers/metal­organic
frameworks (MOFs). For example, capsule-like motifs have
been reported with hydrogen-bonded complexes of CTC with
bipyridine or 1,10-phenanthroline (phen), shown as {(CTC)¢
3(phen)}2¢C10H10. Here a layer of capsule motifs is created
by a combination of host­guest binding of anthracene by the
(CTC)¢3(phen) hydrogen-bonded complex along with π­π
stacking interactions (Figure 11).52 A variety of coordination
polymers that involve CTV,53 CTC,43 or CTV-type tripodal
ligands38,40,54­57 have been reported. This is of particular interest
because the use of molecular hosts as building units for MOF-
type materials allows a hierarchy of potential host­guest
interactions through embedded molecular-recognition sites
alongside framework cavities and channels. However, in a
number of reported examples, the molecular recognition sites
of the CTV-type building unit are not available for host­guest
interactions due to the formation of self-inclusion motifs.40,55
This can be circumvented by the formation of CTV-type cages
within the crystalline polymer framework.
Many of the metallocryptophanes discussed above em-
ployed cis-protecting ligands as part of the self-assembly design.
The absence of a cis-protecting ligand could therefore encourage
the formation of linked metallocryptophane motifs within
coordination polymers. Indeed, in the complex [Cu2(L13)2Br2-
(H2O)(DMSO)]¢2Br, square-pyramidal Cu(II) centers with axial
Br¹ ligands and a square arrangement of L13 ligands link
syn-[Cu3(L13)2] metallocryptophane motifs into a coordination
chain.56 On the other hand, in the complex [Cu3(L12)4(H2O)3]¢
6(OTf), all the Cu(II) centers act as bridges between metallo-
cryptophanes and a 2D network is formed (Figure 12).56
Each metallocryptophane unit has the chiral anti-arrangement,
Figure 10. Crystal structure of homochiral cube [Ag12-
(L16)8]12+.50
Figure 11. Capsule motif within crystal structure of {(CTC)¢
3(phen)}2¢C10H10 with C10H10 guest in space-ﬁlling and phen in
green.52
Figure 12. Section of the 2-D coordination polymer
[Cu3(L12)4(H2O)3]6+ crystal structure comprised of linked
M3L2 metallocryptophanes.56
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although the overall 2D network is achiral because it contains
both cryptophane enantiomers. Packing of 2D networks in the
crystal lattice allows for large channels throughout the structure
and the solid-state material is able to uptake fullerene-C60 from
toluene solution.
While these are examples of cages directly linked together,
linked cage motifs can also occur via the exo-cage coordination.
The isostructural coordination polymer complexes [Ag3(CH3-
CN)3(L)2Cl]¢2X, where L = («)-tris[4-(3-pyridyl)phenylester]-
cyclotriguaiacylene and X = BF4¹, AsF6¹, or ClO4¹, have
syn-[Ag3(L)2] metallocryptophane motifs linked into a 2D
coordination polymer through a bridging ¯3-Cl¹.57 The Cl¹
anion comes from the partial protonation of the L precursor
as the hydrochloride salt. [M6(CTC-6H)4] (M = Co or Mn)
tetrahedra analogous to those discussed above are found within
complicated anion-bridged coordination polymers.43 As for
discrete examples, these complexes crystallize with additional
alkali metal counter cations, and 3D networks can be formed
through cation£π interactions between additional alkali metal
cations and the external aryl faces of the CTC ligands. The
tetrahedral [Mn6(OH)6(CTC-6H)4] coordination tetrahedron, for
example, contains Cs+ bound to the inside of the cage along
with a central [Na(H2O)6]+ and a 3D coordination polymer
formed through both exo Mn­(OH)­Mn bridges and through
cation£π interactions.
There are fewer examples of organic cryptophanes within
coordination polymers, especially where the cage itself is
self-assembled. Holman and co-workers, however, have used a
carboxylic acid-functionalized organic cryptophane to form a 1D
Cu(II) coordination polymer.58
Conclusion
The open pyramidal shape of crown conformation CTVs
makes them excellent building blocks for capsules and larger
cages. Upper-rim functionalization of the tribenzo[a,d,g]cyclo-
nonatriene core is relatively straightforward, and successful cage
self-assembly strategies include dynamic organic bond forma-
tion, hydrogen bonding, and metal-directed assembly. Predict-
able chemical architectures can be accessed, e.g. hydrogen-
bonded capsules and metallocryptophane analogs, tetrahedral
M6L4 cages of CTC, M6L8 stella octangula cages, cubic organic
cages, etc. However, less predictable topologically complex
architectures may also result. Two classes of [2]catenane-cages
have been documented alongside two unique chemical top-
ologies in the self-entangled M4L4 Solomon’s cube, and the
Borromean-like chainmail of M6L6 metallacycles. Cages have
inherent internal molecular recognition sites, and bind full-
erenes, anionic surfactants, and other guests. The host function-
ality of CTV also plays a role in the self-assembly of
coordination cages from CTV scaﬀold ligands with bulky
guests templating coordination polymer rather than cage
formation, and self-inclusion motif occurring within assemblies.
Many CTV analogs have helical chirality, which means use
of enantiomeric mixtures of CTV components may result in
homochiral or heterochiral cages, while many systems are
selective. Design rules for isomer selectivity and ligand-
exchange behavior are yet to emerge. Sterics, interactional
lability and stability, ligand solubility, and rates of any
enantiomer racemization are all likely to be important factors.
Thank you to all co-workers and collaborators whose work
is cited here. Some work discussed herein were performed with
the support of the EPSRC, the Leverhulme Trust or the Diamond
Light Source.
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